The response of the growing season to the ongoing global warming has gained considerable attention. In particular, how and to which extent the growing season will change during this century is essential information for the Tibetan Plateau, where the observed warming trend has exceeded the global mean. In this study, the 1960-2014 mean length of the tree-ring growing season (LOS) on the Tibetan Plateau was derived from results of the Vaganov-Shashkin oscilloscope tree growth model, based on 20 composite study sites and more than 3000 trees. Bootstrap and partial correlations were used to evaluate the most significant climate factors determining the LOS in the study region. Based on this relationship, we predicted the future variability of the LOS under three emission scenarios (Representative Concentration Pathways (RCP) 2.6, 6.0, and 8.5, representing different concentrations of greenhouse gasses) derived from 17 Earth system models participating in the Coupled Model Intercomparison Project Phase 5 (CMIP5). The averaged LOS on the Tibetan Plateau is 103 days during the period 1960-2014, and April-September minimum temperature is the strongest factor controlling the LOS. We detected a general increase in the LOS over the twenty-first century under all the three selected scenarios. By the middle of this century, LOS will extend by about 3 to 4 weeks under the RCPs 2.6 and 6.0, and by more than 1 month (37 days) under the RCP 8.5, relative to the baseline period 1960-2014. From the middle to the end of the twenty-first century, LOS will further extend by about 3 to 4 weeks under the RCPs 6.0 and 8.5, respectively. Under the RCP 2.6 scenario, however, the extension reaches a plateau at around 2050 and about 2 weeks LOS extension. In total, we found an average rate of 2.1, 3.6, and 5.0 days decade −1 for the LOS extension from 2015 to 2100 under the RCPs 2.6, 6.0, and 8.5, respectively. However, such estimated LOS extensions may be offset by other ecological factors that were not included into the growth model. The estimated lengthening of the growing season could substantially affect carbon sequestration and forest productivity on the Tibetan Plateau.
Introduction
The response of the vegetation-growing season to global warming has attracted considerable attention in recent years (Linderholm 2006; Xia et al. 2015; Juknys et al. 2016; Lange et al. 2016) . A number of studies have reported an extension of the growing season length from different geographical regions (see, e.g., Linderholm et al. 2008; Qian et al. 2010; Fernández-Long et al. 2013; Spinoni et al. 2015) . For the period 1960 to 2011, 90.8% of the spring phenophases in China showed trends of earlier start and 69.0% of the autumn phenophases showed trends of later ends (Ge et al. 2015) . On the Tibetan Plateau (TP), satellite remote sensing data revealed a widespread advance in the start of the growing season from the 1980s to the 1990s but showed a substantial delay over 2000-2011 in the southwestern TP (Shen et al. 2015) . Such phenological changes are likely to influence the distribution limits of plant species (Chuine 2010) , may change carbon uptake, and potentially mitigate climate change (Peñuelas et al. 2009; Dragoni et al. 2011) .
It is important to investigate length and timing of the forest growing season under current conditions and under future climate change scenarios, considering the key role of forests in the global carbon cycle (Way and Oren 2010; SassKlaassen 2015) . However, limited research has been conducted in this direction (see, e.g., Yang et al. 2017) . Specifically, the long-term intra-annual growth dynamics of wood has received little attention (Delpierre et al. 2015) , even though it likely influences the overall plant functioning and fitness. The response of wood growth to climate change and the shift in timing of different phenological phases is a result of the integrated impact of different factors, including temperature, length of photoperiod, nutritive concentrations, and precipitation Körner and Basler 2010; Morin et al. 2010; Delpierre et al. 2015) . Among these factors, temperature is expected to be a main driver for xylogenesis in temperate and cold ecosystems (Rossi et al. 2008; Moser et al. 2010; Prislan et al. 2013) , considering its direct influence on xylem production and differentiation (Begum et al. 2012 (Begum et al. , 2013 . Hence, daily to monthly temperatures may be used as a proxy of the vegetation-growing season when phenological data are not available (Boulouf Lugo et al. 2012; Xia et al. 2015; Rossi et al. 2016) .
With an average elevation of more than 4000 m above sea level, the TP is considered as the earths' BThird Pole^ (Yao et al. 2013) . Its special geographic location motivated a large number of climate change-related phenological studies. However, most of them have assessed past changes of the growing season (Yu et al. 2010; Yi and Zhou 2011; Zhang et al. 2013; Chen et al. 2015; Shen et al. 2015) , either extracted from remote-sensing observations or from in situ instrumental ground observations. Recently, with an innovative approach based on tree-ring data, a unique long record of regional vegetation phenological variability over the period 1960-2014 has become available . However, so far, there has been a lack of studies predicting future changes for the region.
Compared to the earlier generation of climate models (Reichler and Kim 2008) , improvements have been achieved to the state-of-the-art Coupled Model Intercomparison Project Phase 5 (CMIP5) simulations (Taylor et al. 2012; Knutti and Sedláček 2013) . The CMIP5 emission scenarios are based on the projected population growth, technological development, and societal responses in the future (Moss et al. 2010; van Vuuren et al. 2011) . The advantages of the CMIP5 are more complex models with higher resolution, more complete representations of external climate forcing, more types of scenarios, and more diagnostics stored (Knutti and Sedláček 2013) . Additionally, the individual Representative Concentration Pathways (RCP) scenarios of the CMIP5 provide a rough estimate of the fixed radiative forcing (Taylor et al. 2012) . For example, the radiative forcing in the RCP 8.5 scenario increases continuously, before reaching a level of 8.5 W m −2 at the end of the twenty-first century.
In this study, we use the outputs of CMIP5 to predict changes in the length of the tree-ring growing season on the TP. The aims of this study are (1) to quantify the relationship between length of the tree-ring growing season and climate data over the period 1960-2014; and (2) to calculate the changes in the growing season expected for this century under three RCP scenarios in the study region. We raise the hypothesis that temperature is the main driving factor for the length of the growing season; thus, warming will lengthen the growing season of trees on the TP.
Materials and methods

Study region and tree-ring phenological data
Our study sites are located over different climate zones of the TP, where forests are naturally distributed in the northeastern and southern parts (Fig. 1) . The predominant tree genera are Juniperus, Betula, and Picea in the northeastern part of the TP and Juniperus and Betula in the southern part of the TP (Opgenoorth et al. 2010) . Other tree genera such as Larix, Tsuga, Abies, and Quercus are also distributed in the study region (Song et al. 2004 ). According to data from 20 individual meteorological stations during the period 1960-2014, the mean annual temperatures near the study sites range from − 2.9 to 15.4°C and mean annual precipitation varies between 87 and 1186 mm. To represent the climate conditions over the whole study region, we calculated mean monthly temperature and precipitation series for the period 1960-2014. The mean temperature series is arithmetically averaged from the data of all 20 stations. The regional precipitation series is based on a scaling method. For each month of the year, scaling was calculated separately using long-term averages extracted only from years in which all available stations had an observed value for the given month. Each station series is scaled and a simple average of the scaled station series is then used as the regional precipitation series. Accordingly, the calculated mean annual temperature is 4.3°C and annual precipitation is 518 mm during the period 1960-2014 (Fig. S1) ; 88% of which falls during April-September (i.e., the warm season).
Tree-ring phenological data were derived from results of the process-based Vaganov-Shashkin (VS) model (Shashkin and Vaganov 1993; Vaganov et al. 2006; Touchan et al. 2012 ). The VS model was developed to quantify tree-ring formation as a function of climate and environmental variables by using a limited number of equations relating daily temperature, precipitation, and sunlight to the kinetics of secondary xylem development (Fritts et al. 1991; Vaganov et al. 2011) . In this study, we used the recently updated version of the VS model: the VS-oscilloscope (Shishov et al. 2016) , which allows the simulation of tree-ring growth based on an intuitive parameterization approach (http://vs-genn.ru/downloads/). The start (SOS) and end (EOS) of the tree-ring growing season are defined as the time of first and last xylem cell differentiation, respectively. The length of the tree-ring growing season (LOS) is calculated as the difference between EOS and SOS for each year. Based on the successful simulation of tree-ring width series at 20 composite sites (including 50 single sites with more than 3000 trees) across the study region (more detailed information can be referred to Yang et al. 2017) , we averaged all the derived LOS series to represent phenological variability of tree-ring formation for the entire TP.
Relationships between phenology and climate
Bootstrap correlations between the phenological series and climate data were calculated using DENDROCLIM2002 (Biondi and Waikul 2004 ) based on 1000 random samples (with replacement). The procedure involves linear correlation, Jacobean rotations for Eigen values, singular value decomposition, and solutions of linear systems accompanied by principal component regression (Biondi and Waikul 2004) . Bootstrap analysis was conducted from January to September during the period 1960-2014 using monthly mean, minimum and maximum temperatures, and monthly precipitation for the whole study region. Additionally, to investigate whether our averaged method for the regional temperature and precipitation series results in the disappearance of some important local-scale features in the study region, we also performed bootstrap correlations between the individual LOS series and climate data for each of the 20 composite study sites during the period 1960-2014. All the significant bootstrap correlations refer to p < 0.05 level. Relationships between seasonally assembled climate data and LOS were calculated to extract significant factors. Furthermore, we performed partial correlation analysis to eliminate possible linear relationships among the climate data. The extracted strongest (with the most significant correlation) climate factor was used to predict the variability of future LOS.
CMIP5 model data
We used the CMIP5 full set of the Earth system models, which include multiple realization runs of each model. By selecting this option, slightly smoother probability density functions at the expense of much more computer time can be obtained (van Oldenborgh et al. 2013) . Monthly outputs of the simulated minimum temperature from CMIP5 models were downloaded from the Program for Climate Model Diagnosis and Intercomparison (PCMDI) server (http://cmip-pcmdi.llnl. gov/cmip5). We selected RCP 2.6, 6.0, and 8.5 which represent different future CO 2 and radiative forcing scenarios (Taylor et al. 2012; Jones et al. 2013) . The RCPs are consistent with a wide range of possible changes in future anthropogenic greenhouse gas emissions. In RCP 2.6, representing the Blow^emission scenario, the CO 2 Fig. 1 The study region with treering sampling sites and meteorological stations used in this study concentration peaks at around 490 ppm before 2100 and then declines and stabilizes by the end of this century. In RCP 8.5, representing the Bhigh^emission scenario, the concentration at that time reaches almost 1370 ppm. The RCP 6.0 is the Bintermedium^scenario, stabilization without overshoot pathway to~850 ppm CO 2 at stabilization after 2100 (van Vuuren et al. 2011) . The selected coordinates cover our study region between 27°N-40°N and 85°E-105°E.
Monthly minimum temperature data for the three RCP scenarios were available for a total of 41 models. However, models failing to meet the two fundamental conditions were omitted from the analysis. Firstly, four models (GISS-E2-H_rlilp1, GISS-E2-H_rlilp2, GISS-E2-R_rlilp2, and MRI-CGCM3) failed to reproduce the current April-September minimum temperature and indicated severely biased simulated temperature trends during the baseline period in the study region. Herein, considering that most of the available instrumental records on the TP have started after 1960, we defined the baseline period as B1960-2005.^Secondly, 20 models were severely biased in simulating the temperature variability at the inter-annual time scale, as indicated from their firstorder differenced series during the period 1960-2005. This step was done to avoid Boverfitting^because of the short period of instrumental observations and the presence of a warming trend. Accordingly, 17 CMIP5 models were selected (Table 1 ). Not every model ran all RCP scenarios. Thirteen models were used for RCP 2.6, 13 models for RCP 6.0, and 16 models for RCP 8.5 (Table 1) . For each CMIP5 model included in this study, we used the individual result from all the available realizations instead of the ensemble mean over the realizations. This was considered because each ensemble member has its own internal variability and the inter-annual variation of the ensemble mean would be otherwise reduced compared to one individual simulation (Anav et al. 2013) . Model runs were analyzed to the year 2100. Since former studies indicated that the average of multiple models performs better than any single model when compared with observations (Gleckler et al. 2008; Reichler and Kim 2008) , we 
GISS-E2-R-3 means GISS-E2-R with the realization of _r1i1p3
averaged all related models to represent the Bpast^and Bfuture^climate under the three selected scenarios.
Results
Relationships between tree-ring phenology and climate
The averaged LOS is 103 ± 20 days, with a significant increase to a rate of 4.6 days decade −1 from 1960 to 2014 on the TP (Fig. 2) . Bootstrap correlations showed significant positive relationships between LOS and temperatures from January to September (except in May with maximum temperature), indicating the strong influence of temperature on LOS (Fig. 3) . That means that an increase in temperature results in an extension of the tree-ring growing season. Additionally, we detected significant correlations between LOS and current March to May precipitation. However, partial correlations revealed that April-September minimum temperature (T min Apr-Sep) was the dominant factor determining the LOS during the period 1960-2014 (r = 0.80, p < 0.01). Such regional climate signal contained in the averaged LOS series was also exhibited by the relationships between the individual LOS series and climate data during the period 1960-2014 (Fig. 4) . Compared to the precipitation effect, we observed a more prominent influence of temperature on the LOS at each of the individual composite site. Hence, our averaged regional climate series did not result in the disappearance of any important local-scale features. Based on the above analysis, we selected T min Apr-Sep that exhibited the most significant correlations with LOS during the calibration period and established a linear regression function LOS ¼ 13:23 Â T min Apr-Sep þ 36:44 to predict the length of tree-ring growing season for the whole study region.
Projected future climate changes
The 17 multi-model ensemble means revealed an averaged T min Apr-Sep of 9.5°C, nearly doubling the observed value ) over the common 46 years. Considering the absolute difference between the predictions and observations during the baseline period, we subtracted the value of 4.6°C from the model outputs for the prediction.
The projection of climatic parameters for TP on the basis of 17 ensemble models showed a rising near-surface temperature in April-September compared to the baseline period 1960-2005 ( Fig. S2 and Table S1 ). The ensembles' mean changes under the RCP 2.6 increase to a peak value of~1.8°C in the middle of the twenty-first century. Thereafter, temperature declines and keeps about 1.5°C warming until the end of this century. In total, the temperature increase is < 2.0°C under this scenario for the twenty-first century. Under the RCP 6.0, T min Apr-Sep increases by 2.0°C on 2040, remaining approximately stable for the following 20 years. From 2060 to 2100, temperature increases again and exceeding 4.0°C above the baseline period . Under the RCP 8.5, temperature raises by~2.0°C until 2035. An increasing trend was detected thereafter, resulting in a warming > 6.0°C at the end of the twenty-first century.
Projected changes in the tree-ring growing season
According to the different climate change scenarios and the selected Earth system model simulations for the future, we predicted a general extension in the length of the tree-ring growing season compared to the baseline period 1960-2014 (Fig. 6 ). The predicted LOS shows a sustained trend in extension of the vegetation period with the rate of 4.5 days decade −1 during 2015-2050 under the RCP 2.6, resulting in the corresponding absolute extension of 16.4 days. After the middle of the twenty-first century, the extension rate (3.7 days decade −1 ) is reduced and almost keeps stable from 2060 to 2100. Over the full predicted period 2015-2100, the extension is about half a month, with a mean rate of 2.1 days decade −1 . More details on anticipated day extension of the LOS during the twenty-first century at the 20-year interval are listed in Table 2 . Under the RCP 6.0, LOS sustains an extension rate . The individual model predictions and the corresponding 95% uncertainty intervals indicate large uncertainties among the different models under the three scenarios (Fig. 6) .
Discussion
Relationship between tree-ring phenology and climate
The first hypothesis is confirmed by our results, which show that April-September minimum temperature is the most significant factor determining the LOS in the study region. Although meteorological stations are normally located at the valley bottom while tree-ring sampling sites are generally located in the subalpine belt on the TP, several studies confirmed the reliability of utilizing climatic records from valley bottoms to calibrate tree-ring records in mountainous region (e.g., Zeng and Yang 2016) . During the period 1960-2014, we observed temperature warming associated with a non-significant variability of the growing season precipitation. This may indicate a likely intensified drought stress during the growing season at some locations, although it is unclear during which periods during the growing season the control of temperature on the LOS is weakened. In the western Mediterranean region, for example, a fading temperature sensitivity of tree-ring width records has been confirmed with decreasing latitude (Büntgen et al. 2012 ). However, we detected a significant extension in the length of the tree-ring growing season across the TP during the period 1960-2014. A warming temperature trend resulting in an extension of LOS is plausible and explainable. This result is supported by studies indicating that the lengthened growing season of different tree species in temperature climates is probably driven by an increase in temperature (Peñuelas et al. 2009; Moser et al. 2010; Lange et al. 2016) . Firstly, we assumed that possibly intensified drought stress did not yet reach the threshold to negatively affect treering phenology variability during the period 1960-2014. Secondly, the seasonal amount of precipitation is not equal to soil water availability (as indicated by Jin et al. 2013 ) that directly impact tree-ring growth. As evidenced by the VSoscilloscope, a significantly increased soil moisture content but a weak trend of precipitation were found during AprilJuly for the period 1960 . Moreover, previous results showed strong and positive correlations between surface temperature anomalies in the prior winter (October-February) and the current April-June moisture availability on the southeastern TP (Li et al. 2016) . Accordingly, a co-variability of warming and wetting trends may to some extent occur in our study region. Hence, the length of the tree-ring growing season may benefit from the predicted warming trend on the TP.
Predicted length of the tree-ring growing season
The second hypothesis affirming that the length of the growing season will extend under the warming trend in the twentyfirst century is also confirmed by our results. Our study thus provides valuable information on the future vegetation growing season on the TP, whose ecosystems are considered to be highly sensitive (Yao et al. 2013 ) and vulnerable (Xu et al. 2009 ) to the effects of the ongoing climate change. The LOS is predicted to extend by about 21, 27, and 37 days in the middle of the twenty-first century under the RCP 2.6, 6.0, and 8.5 scenarios, respectively. In the Czech Republic and Austria, the thermal growing season was anticipated to lengthen by 8-30 days based on the climate models HadCM, ECHAM, and NCAR-PCM by 2050 (Trnka et al. 2011) . Projections until 2050 indicate that the growing season may increase by 3 to 4 weeks based on the ECHAM4/OPYC3 AOGCM model in the Scandinavian sub-Arctic (Førland et al. 2004) . The two studies are therefore generally consistent with our predictions, although they are based on different prediction models and study regions (Table 3 ). However, contrary to our predicted LOS extension of 21-60 days until the 2080s, projections of two reginal climate models (PRECIS and RegCM3) under IPCC-A1B emission scenario for whole China revealed a prolongation of the thermal growing season (> 10°C) by up to more than 100 days by that time (Tian et al. 2014) . These inconsistencies are probably caused by the different areas included in the study regions, different definitions for the thermal growing season and our phenology variability based on tree-ring modeling. Other possible reasons include the differences of temperature changes between the RCP scenarios and the previous versions of the scenarios. Also, the limited number of models used in the study of Tian et al. (2014) may result in some bias. Our projections for LOS extension are generally consistent with simulations for the majority of Europe based on 23 multi-model means (Ruosteenoja et al. 2016) , and for Finland which are based on 19 CMIP phase 3 global climate models (Ruosteenoja et al. 2011) . Both studies simulated a prolongation of the thermal growing season of 1.5 to 2 months by the end of this century. Hence, we conclude that multiple models' ensemble means are more precise for estimating the growing season under changing climate.
As a result of the longer growing season, a 50% increase of the annual gain in forest productivity in the past decade was detected in a temperate forest since 1998 (Dragoni et al. 2011) . Consistently, one additional day of the growing season in Ruosteenoja et al. 2011 spring and autumn raised the net ecosystem productivity, although this result was partially compensated by increases in ecosystem respiration in temperate and boreal forests (Richardson et al. 2010) . Parallel with the increased forest productivity, carbon uptake through photosynthesis also increased due to an earlier spring and later autumn vegetation period in temperate forests (Keenan et al. 2014) , and the phenology-induced enhancement of carbon uptake may result in a negative feedback to climate warming. However, in a subalpine forest in the Colorado Rocky Mountains, the longer growing season resulted in less annual CO 2 uptake (Hu et al. 2010) . Thus, forest carbon balance response to an extended growing season may be site-dependent, and no final conclusion on future forest productivity on the TP can be drawn without site-specific research, taking regional climatic conditions and tree species composition into account. Definitely, the expected extensions of the length of the treering growing season may be superimposed by other environmental factors, e.g., increased demand for soil nutrients, because a longer photosynthetically active period in conjunction with other global change factors might exacerbate resource limitation (Elmore et al. 2016 ). An extension of the growing season may also result in the immigration of other plant species, pathogenic fungi, or new parasitic insect species (Engen-Skaugen and Tveito 2004). Problems may therefore occur, such as damage caused by insects as well as a higher risk of plant diseases. Some studies Lange et al. 2016 ) even revealed nonlinear relationships between phenological variability of trees and climate data and therefore suggested that predictions of phenological changes for the future should not be built on extrapolations of current observed trends, although the relationship between temperature and most phenological phases of xylogenesis was clearly linear as reported by Rossi et al. (2014) . More advanced tree-physiological and climate models are needed to thoroughly investigate these open questions.
Conclusions
This study investigated the possible changes in the length of the tree-ring growing season on the Tibetan Plateau during the twenty-first century, based on the sensitivity of the growing season and April-September minimum temperature projections under three RCP scenarios from the state-of-the-art CMIP5 models. Compared to the baseline period 1960-2014, a general extension of the length of growing season is predicted under the RCP 2.6, 6.0, and 8.5 scenarios over the period 2015-2100. The RCP 2.6 scenario shows an extension of the growing season of 2 to 3 weeks during the twenty-first century. The RCPs 6.0 and 8.5 scenarios indicate a constant extension rate resulting in prolongations of~50 and~82 days until the end of the twenty-first century. Our study is among the first efforts to assess changes in future growing season based on CMIP5 simulation outputs over the twenty-first century. These results are important in understanding the impact of vegetation phenology on forest carbon sequestration and the role of climate forcing in determining its temporal variability.
